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Abstract
Stand density exerts significant influence on understory plant community struc-
ture and species diversity in Robinia pseudoacacia forests. Clarifying the varia-
tions in understory plant community structure and species diversity under dif-
ferent stand densities is conducive to vegetation restoration and enhancement of
forest ecological functions in the Loess region. This study investigated the com-
munity composition characteristics, growth characteristics, and species diversity
of understory plants in Robinia pseudoacacia plantations in the Loess region of
western Shanxi through field surveys across six stand densities (950 trees・hm−2,
1450 trees・hm−2, 1950 trees・hm−2, 2450 trees・hm−2, 2950 trees・hm−2, 3450
trees・hm−2). The results showed: (1) Understory plants in the study area com-
prised a total of 77 species belonging to 65 genera and 39 families, including
36 shrub species from 29 genera and 16 families, and 41 herb species from 36
genera and 25 families. Shrub layer species richness peaked at a stand density of
1950 trees・hm−2, while herb layer species richness peaked at 2450 trees・hm−2.
The understory plant communities of Robinia pseudoacacia were dominated by
species from Rosaceae, Compositae, Gramineae, and Caprifoliaceae. With in-
creasing stand density, the dominant species transitioned from heliophytic and
mesophytic species to sciophytic species. (2) In Robinia pseudoacacia forests,
shrub height and aboveground biomass decreased with increasing stand density,
while herbaceous aboveground biomass showed no significant differences among
stand densities (P > 0.05), and the total coverage of shrub-herb communities
varied only slightly. (3) With increasing stand density of Robinia pseudoacacia,
the Margalef richness index and Shannon-Wiener diversity index of the shrub
layer exhibited a trend of initial increase followed by decrease, reaching their
maximum at a stand density of 1950 trees・hm−2, while the Simpson domi-
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nance index and Pielou evenness index showed a gradually decreasing trend.
The Margalef richness index and Shannon-Wiener diversity index of the herb
layer reached their maximum at a stand density of 2450 trees・hm−2, while the
Simpson dominance index and Pielou evenness index peaked at a stand density
of 1950 trees・hm−2. (4) The similarity in species composition of understory
plant communities under different densities of Robinia pseudoacacia reached
moderate similarity or higher. When stand density was 1950–2450 trees・hm−2,
the species diversity of understory plant communities in Robinia pseudoacacia
forests was optimal, which is conducive to the enhancement and sustainable
functioning of its ecological functions.

Full Text
Abstract
Stand density has an important effect on understory plant community structure
and species diversity of Robinia pseudoacacia plantations. Identifying changes
in understory plant community structure and species diversity under different
stand densities is helpful for vegetation restoration and improving forest ecolog-
ical function in loess regions. Taking a R. pseudoacacia plantation in the loess
area of western Shanxi as the research object, we analyzed understory commu-
nity composition characteristics, growth characteristics, and species diversity
associated with six stand densities (950, 1450, 1950, 2450, 2950, and 3450 trees・
hm−2) through field investigation. The results showed that: (1) A total of 77
understory plant species were identified, belonging to 65 genera in 39 families,
including 36 shrub species from 29 genera in 16 families, and 41 herb species
from 36 genera in 25 families. The number of shrub layer species peaked at
a stand density of 1950 trees・hm−2, while the number of herb layer species
peaked at 2450 trees・hm−2. The understory community of R. pseudoacacia for-
est mainly consisted of Rosaceae, Compositae, Gramineae, and Caprifoliaceae
species. With increasing stand density, the dominant species transitioned from
heliophytic and mesophytic species to shade-tolerant species. (2) The height and
aboveground biomass of shrubs decreased with increasing stand density. The
aboveground biomass of the herb layer showed no significant difference among
stand densities (P > 0.05), and the total coverage of shrub and herb commu-
nities changed little. (3) With increasing stand density, the Margalef richness
index and Shannon-Wiener diversity index of the shrub layer first increased and
then decreased, peaking at a stand density of 1950 trees・hm−2, while the Simp-
son dominance index and Pielou evenness index showed gradually decreasing
trends. The Margalef richness index and Shannon-Wiener diversity index of the
herb layer peaked at a stand density of 2450 trees・hm−2, while the Simpson
dominance index and Pielou evenness index peaked at 1950 trees・hm−2. (4) The
similarity of species composition among understory communities in R. pseudoa-
cacia forests of different densities was above the medium similarity level. When
the stand density was 1950–2450 trees・hm−2, the understory community species
diversity of R. pseudoacacia plantation was optimal, which was conducive to im-
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proving and sustaining its ecological function.

Keywords: stand density; Robinia pseudoacacia plantations; community struc-
ture; species diversity; loess region of western Shanxi Province

Introduction
Forests are among the most important ecosystems on Earth, characterized by
complex community structures and rich biodiversity, serving as critical sites
for plant growth and energy exchange. Plant species diversity, as an essential
component of biodiversity, represents a key indicator of plant community struc-
ture. It not only reflects differences in community composition, structure, and
function, but also characterizes the relationships between communities and en-
vironmental factors under different natural geographical conditions. The shrub
and herb community, as an important component of forest ecosystems, plays a
vital role in maintaining species diversity and plantation stability. Therefore,
how to reasonably maintain and improve understory species diversity is of great
significance for forest management and ecological restoration.

Understory species diversity is influenced by many factors, including stand den-
sity, stand age, and stand configuration. Among these, stand density, as an
important structural characteristic, can accelerate tree differentiation and com-
munity succession, thereby affecting understory species diversity. Previous stud-
ies have reported varying effects of stand density on understory species diversity.
For example, Ashfaq et al. studied understory species diversity in Pinus mas-
soniana plantations of different densities in Hubei Province, finding that lower
density stands (500–800 trees・hm−2) had higher shrub and herb diversity, with
herb layer species richness exceeding that of the shrub layer. Liu et al. studied
understory species diversity in R. pseudoacacia plantations in the loess region
and found that species diversity indices decreased with increasing stand den-
sity. Wang et al. investigated understory species diversity in Cypress funebris
plantations of different densities in Sichuan Province and concluded that under-
story species diversity was optimal at a stand density of 1200–1600 trees・hm−2.
Yun et al. studied understory plant community diversity under different stand
types and densities in the loess region of western Shanxi and found that species
diversity was best at a stand density of 1200–1600 trees・hm−2 for natural sec-
ondary forests and mixed plantations. These inconsistent conclusions indicate
that the relationship between stand density and understory species diversity
requires further investigation.

The Loess Plateau, located in the middle reaches of the Yellow River, suffers
from severe soil erosion and is a typical ecologically degraded region. Since
the 1970s, large-scale vegetation restoration has been implemented on the Loess
Plateau, forming a relatively complete protective forest system that has played
an important role in controlling soil erosion and improving the ecological envi-
ronment. Robinia pseudoacacia, due to its strong adaptability and drought toler-
ance, has been widely planted as a soil and water conservation tree species on the
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Loess Plateau. The Caijiachuan watershed in Jixian County, Shanxi Province,
established large areas of R. pseudoacacia plantations in the 1980s. However,
with the growth of these plantations and increasing water consumption, prob-
lems such as small growth increments and low ecological service functions have
become prominent. Therefore, determining optimal afforestation and manage-
ment densities based on species diversity and conducting tending management
of soil and water conservation forests can ensure high-quality development and
sustainable ecological service functions in the loess region. This study takes
artificial R. pseudoacacia plantations of different densities in the Caijiachuan
watershed of western Shanxi as the research object. Through field plot surveys,
we analyzed the composition characteristics, growth characteristics, and species
diversity indices of understory plant communities in R. pseudoacacia planta-
tions, examined the relationship between stand density and understory species
diversity, and determined appropriate management densities for soil and water
conservation forests, aiming to provide a reference for improving ecological func-
tions and promoting sustainable development of R. pseudoacacia plantations on
the Loess Plateau.

1.1 Study Area Overview
The study area is located in the Caijiachuan watershed (36°14�27�–36°18�23�N,
110°39�45�–110°47�45�E), where the Jixian National Forest Ecosystem Observa-
tion and Research Station is situated. This watershed is a third-level tribu-
tary of the Yellow River, representing a typical loess hilly and gully region
with a warm temperate semi-arid continental climate. The average altitude
is 1172 m, with an average annual precipitation of 579 mm (showing large in-
terannual variation and frequent heavy rains during the flood season) and an
average annual temperature of 9.9°C. The frost-free period averages 150 days.
The soil type is cinnamon soil with loess parent material. The main artificial
forests in the Caijiachuan watershed are R. pseudoacacia, Pinus tabuliformis,
and Platycladus orientalis. Understory vegetation is dominated by species from
Rosaceae, Gramineae, and Caprifoliaceae families, with representative species in-
cluding Rosa xanthina, Spiraea pubescens, Rubus parvifolius, Artemisia gmelinii,
Artemisia selengensis, Phalaris arundinacea, and Syringa oblata.

1.2.1 Sample Plot Setup and Investigation
Typical artificial R. pseudoacacia plantations with good growth conditions, com-
plete stand structure, and uniform stand age (35 years) were selected in the
Caijiachuan watershed. Six stand densities were investigated: 950, 1450, 1950,
2450, 2950, and 3450 trees・hm−2. Three 20 m × 20 m sample plots were es-
tablished for each density, totaling 18 plots. Slope aspect, altitude, and slope
gradient were consistent across plots. In each plot, all trees were measured for
height, diameter at breast height (DBH), crown width, and number of individ-
uals. Within each standard plot, five 5 m × 5 m shrub quadrats were set up
at the four corners and center, and five 1 m × 1 m herb quadrats were estab-

chinarxiv.org/items/chinaxiv-202308.00686 Machine Translation

https://chinarxiv.org/items/chinaxiv-202308.00686


lished within each shrub quadrat, resulting in 25 herb quadrats per plot. The
name, number, height, and coverage of shrubs and herbs in each quadrat were
recorded. Lianas and tree seedlings (height < 2 m) were recorded in the shrub
layer. Geographic coordinates, slope aspect, and altitude were measured using
GPS. Basic plot information is shown in .

1.2.2 Aboveground Biomass Measurement of Shrubs and
Herbs
The“whole-plant harvest method”was used in shrub and herb quadrats within
each plot. All aboveground parts in the quadrats were harvested and weighed
for fresh weight. Samples were placed in sealed bags and taken to the laboratory,
then dried in an oven at 85°C to constant weight. The dry weight was recorded,
and biomass was calculated for each plot.

1.2.3 Species Diversity Measurement
The important value (IV), Margalef richness index (R), Shannon-Wiener di-
versity index (H), Simpson dominance index (D), Pielou evenness index (Jsw),
and Jaccard similarity coefficient (q) for shrub and herb layers were calculated
following reference [27]. The formulas are:

Important Value (IV):
𝐼𝑉 = (𝑅𝑑 + 𝑅𝑓 + 𝑅𝑐)/3

Relative density (Rd):
𝑅𝑑 = 𝑁𝑖

𝑁 × 100%

Relative frequency (Rf):
𝑅𝑓 = 𝐹𝑖

𝐹 × 100%

Relative coverage (Rc):
𝑅𝑐 = 𝐴𝑖

𝐴 × 100%

Margalef richness index (R):
𝑅 = 𝑆 − 1

ln 𝑁

Shannon-Wiener diversity index (H):

𝐻 = −
𝑆

∑
𝑖=1

𝑃𝑖 ln 𝑃𝑖
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Simpson dominance index (D):

𝐷 = 1 −
𝑆

∑
𝑖=1

𝑃 2
𝑖

Pielou evenness index (Jsw):
𝐽𝑠𝑤 = 𝐻

ln 𝑆

Jaccard similarity coefficient (q):

𝑞 = 𝑎
𝑎 + 𝑏 + 𝑐

Where Rd, Rf, and Rc are relative density, relative frequency, and relative cover-
age; S is the total number of species in the quadrat; Pi is the relative number of
individuals of species i (Ni/N); N is the total number of individuals of all species;
Ni is the number of individuals of species i; Fi is the frequency of species i; Ai is
the coverage of species i; a is the number of species shared by two communities;
b is the number of species unique to community 1; c is the number of species
unique to community 2. Similarity levels are defined as: 0.00 ≤ q < 0.25 (ex-
tremely dissimilar), 0.25 ≤ q < 0.50 (moderately dissimilar), 0.50 ≤ q < 0.75
(moderately similar), and 0.75 ≤ q ≤ 1.00 (extremely similar).

1.2.4 Data Processing
Excel 2019 was used for data organization, Origin 2017 for graphing, and SPSS
23.0 for statistical analysis. One-way ANOVA was used to test differences in
characteristic indices among different stand densities, with the least significant
difference (LSD) method for multiple comparisons.

2.1 Understory Plant Community Species Composition
[Figure 2: see original paper] shows the species composition of understory plant
communities in R. pseudoacacia plantations of different densities. A total of 77
plant species were recorded across the six stand densities, including 36 shrub
species and 41 herb species. Rosaceae had 14 species, Gramineae had 11 species,
and Caprifoliaceae had 4 species, accounting for 18.18%, 14.29%, 5.19%, and
3.90% of the total species, respectively. Both shrub and herb layer species num-
bers showed a trend of first increasing and then decreasing with stand density.
Shrub layer species number peaked at 19 species when stand density was 1950
trees・hm−2, while herb layer species number peaked at 24 species at 2450 trees・
hm−2. The total number of shrub and herb species reached a maximum of 39
species at 1950 trees・hm−2 and a minimum of 28 species at 3450 trees・hm−2.

presents the important values of understory community species. The main dom-
inant shrub species were Rubus parvifolius, Rosa xanthina, Periploca sepium,
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and Syringa oblata, while the main dominant herb species were Phalaris arundi-
nacea, Artemisia gmelinii, and Carex onoei. When density was below 1950 trees・
hm−2, Rubus parvifolius was the dominant shrub species, with Rosa xanthina
as the main associated species. At 1950 trees・hm−2, Rosa xanthina became the
dominant species. At 2450 trees・hm−2, Sophora davidii became the dominant
species with an important value of 51.35%. In the herb layer, when density was
below 1950 trees・hm−2, Phragmites australis had the highest important value
(31.63%), likely due to better soil moisture conditions. At 2450 trees・hm−2,
the important value of Phalaris arundinacea reached 52.21%. The results indi-
cate that dominant shrub species in R. pseudoacacia plantations under different
densities were mainly heliophytic and mesophytic plants, while dominant herb
species were mainly mesophytic and shade-tolerant species with strong adapt-
ability.

2.2 Understory Plant Community Growth Characteristics
[Figure 3: see original paper] shows the growth characteristics of understory
plant communities. With increasing stand density, the average height of the
shrub layer gradually decreased, reaching 206 cm at 950 trees・hm−2 and 103
cm at 3450 trees・hm−2. Shrub layer biomass decreased with increasing stand
density, reaching a maximum of 94.64 g・m−2 at 950 trees・hm−2, which was
significantly higher than other densities (P < 0.05). The total coverage of shrub
and herb layers showed little change across different stand densities, with no
significant differences (P > 0.05), but reached 40.33% at 950 trees・hm−2 and
38.67% at 2450 trees・hm−2. Herb layer biomass showed small fluctuations
among stand densities with no significant differences (P > 0.05), reaching a
maximum of 31.29 g・m−2 at 2450 trees・hm−2. Total shrub and herb biomass
was highest at 950 trees・hm−2 (117.82 g・m−2) and lowest at 3450 trees・hm−2

(29.47 g・m−2).

2.3 Understory Plant Community Species Diversity Char-
acteristics
[Figure 4: see original paper] illustrates the species diversity indices. With
increasing stand density, the Margalef richness index and Shannon-Wiener di-
versity index of the shrub layer showed a trend of first increasing then decreasing,
peaking at 1950 trees・hm−2, while the Simpson dominance index and Pielou
evenness index gradually decreased. For the herb layer, the Margalef richness
index and Shannon-Wiener diversity index peaked at 2450 trees・hm−2, while
the Simpson dominance index and Pielou evenness index peaked at 1950 trees・
hm−2. No significant differences were found among stand densities for any of
these indices (P > 0.05).
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2.4 Understory Plant Community Similarity
shows the similarity coefficients among communities. Understory plant commu-
nities in R. pseudoacacia plantations of different densities showed high similarity,
with all Jaccard coefficients q ≥ 0.50 (moderately similar or higher). The high-
est similarity (q = 0.86, extremely similar) occurred between densities of 2450
and 2950 trees・hm−2, while the lowest similarity (q = 0.53, moderately simi-
lar) occurred between 950 and 3450 trees・hm−2, and between 1450 and 3450
trees・hm−2. This indicates that high-density communities in the Caijiachuan
watershed had more similar understory species composition, while low-density
and high-density communities showed lower similarity.

3 Discussion
This study recorded 36 shrub species and 41 herb species across R. pseudoaca-
cia plantations of different densities. With increasing stand density, the number
of families and genera in both shrub and herb layers showed a trend of first in-
creasing then decreasing, with the highest species numbers occurring at medium
densities. This aligns with Li et al., who suggested that excessively high stand
density intensifies interspecific competition, while excessively low density allows
R. pseudoacacia to occupy more water, heat, and light resources, suppressing
shrub and herb development. Therefore, both excessively high and low stand
densities are unfavorable for shrub and herb community development. When
density exceeded 2950 trees・hm−2, shrub species number decreased rapidly
while herb species number decreased more slowly, indicating that this density
level limited shrub survival but had less impact on herbs, consistent with Zhang
et al. From a species diversity conservation perspective, a stand density of 1950–
2450 trees・hm−2 is appropriate for maintaining relatively high species numbers
in both layers.

Dominant and associated species reflect community structure and dynamics. At
low densities, dominant shrub species were mainly light-demanding species such
as Cotinus coggygria and Abelia biflora, with deciduous small tree seedlings
including Koelreuteria paniculata, Acer stenolobum, Ulmus pumila, Crataegus
pinnatifida, and Amygdalus davidiana growing well. Herb layer dominants were
mainly Gramineae species such as Phalaris arundinacea and Lolium perenne.
At 2450 trees・hm−2, Phragmites australis appeared as a dominant species,
indicating that medium-density stands had more suitable soil moisture con-
ditions favorable for succession from pure to mixed stands. With increasing
stand density, canopy closure increased, reducing light availability. Mesophytic
shrubs such as Syringa oblata, Forsythia suspensa, Periploca sepium, and Spi-
raea pubescens gradually became dominant, while Compositae species led by
Artemisia gmelinii became co-dominant with Gramineae in the herb layer. At
densities above 2950 trees・hm−2, environmental conditions changed, becoming
unsuitable for water-consuming plants. The important value of Rubus parv-
ifolius decreased, while drought-tolerant species such as Sophora davidii and
Ziziphus jujuba increased in importance, potentially replacing Rosaceae species.
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Shade-tolerant herbs such as Solanum septemlobum, Stellaria palustris, and Hu-
mulus scandens became dominant. Thus, high stand density creates poor light
and water conditions, causing stress-sensitive species to decline while drought-
tolerant, adaptable species become dominant.

Shrub and herb species were concentrated in Rosaceae, Caprifoliaceae,
Gramineae, and Compositae, indicating strong adaptability of these families
to arid environments. Rubus parvifolius was distributed across all densities
as a dominant or sub-dominant species, suggesting it is a key suitable species
in this region. Other widely distributed species including Rosa xanthina,
Cynanchum bungei, Periploca sepium, Ailanthus altissima, Syringa oblata,
Phalaris arundinacea, Carex onoei, Artemisia gmelinii, and Artemisia carvifolia
showed good adaptation to different stand densities and should be prioritized
in vegetation restoration in the loess region.

We analyzed height, coverage, and aboveground biomass to characterize growth
responses to stand density. Increased vegetation height, coverage, and biomass
can enhance rainfall interception and reduce splash erosion, benefiting soil con-
servation and water retention. Although stand density effects on growth char-
acteristics were not significant, density directly affects light distribution and
indirectly influences understory growth. In the Caijiachuan watershed, low-
density stands had significantly higher total community biomass and shrub layer
biomass than other stands, consistent with previous research. Shrub layer aver-
age height and total community biomass decreased with increasing stand density,
reaching maxima at 950 trees・hm−2. This occurs because low-density stands
have smaller canopy closure, providing better light and nutrient conditions for
understory shrubs. Herb layer biomass showed no clear pattern, likely because
herbs receive even less light than shrubs and can better adapt to environmental
changes. Chen et al. suggested that herbs are mostly stress-tolerant and can
adapt well to environmental changes. As stand density increases, canopy closure
limits light, affecting plant growth and reducing shrub height and total biomass.
Total shrub and herb coverage showed small fluctuations without significant
differences among densities, similar to previous findings.

Overall, understory species diversity was optimal at stand densities of 1950–2450
trees・hm−2, indicating suitable environmental conditions for stable community
structure formation. We recommend 1950–2450 trees・hm−2 as the optimal
stand density, which is similar to previous findings of 1200–1600 trees・hm−2 be-
ing suitable for R. pseudoacacia plantations. Medium densities better maintain
community species diversity and sustainable development. Soil water content
is significantly positively correlated with plant height, coverage, and biomass in
the 0–100 cm layer. Water resources are scarce in the loess region, with deep
groundwater tables, making soil moisture a key factor limiting plant growth.
Excessively high stand density can cause excessive soil water consumption, af-
fecting plant development.

Except for the Margalef index, the other three diversity indices were relatively
low, indicating that understory plant community structure in the Caijiachuan

chinarxiv.org/items/chinaxiv-202308.00686 Machine Translation

https://chinarxiv.org/items/chinaxiv-202308.00686


watershed is relatively simple and unstable. The Margalef and Shannon-Wiener
indices peaked at 1950 trees・hm−2 for the shrub layer and at 2450 trees・hm−2

for the herb layer, showing that medium-density stands had the richest species
composition and highest diversity. This may be because mesophytic and shade-
tolerant species increased at medium densities. The Simpson and Pielou indices
of the shrub layer decreased with increasing stand density, indicating lower
habitat uniformity and reduced dominance of dominant species at higher den-
sities. Lower stand density enhanced photosynthesis and increased available
space, resulting in better plant growth and more uniform distribution. Herbs
can adapt more quickly to environmental changes than shrubs in high-density
stands, showing higher diversity and more uniform distribution. Shu et al. stud-
ied Cunninghamia lanceolata plantations and found that shrub layer Pielou
index decreased with increasing stand density, consistent with our results.

4 Conclusion
(1) A total of 77 plant species were recorded across six stand densities, in-

cluding 36 shrub species and 41 herb species. Rosaceae, Compositae,
Gramineae, and Caprifoliaceae were the most species-rich families. Shrub
layer species number peaked at 1950 trees・hm−2, while herb layer species
number peaked at 2450 trees・hm−2.

(2) Dominant species in R. pseudoacacia plantations changed significantly
with stand density, showing a successional pattern from heliophytic to
mesophytic to shade-tolerant species as density increased.

(3) Shrub height and biomass decreased with increasing stand density, while
herb biomass showed no significant differences among densities (P > 0.05).
Total shrub and herb coverage changed little across densities.

(4) Except for the Margalef richness index, the other three diversity indices
showed no significant differences among stand densities. Understory com-
munity species diversity was optimal at stand densities of 1950–2450 trees・
hm−2.
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